Estimation of magnitude and frequency of extreme rainfall has immense importance to make decisions about hydraulic structures like spillways, dikes and dams etc. This research involves the estimation of regional rainfall quantiles of 23 sites using L-moment based index flood regional frequency analysis. Initially, different tests are applied to check the assumptions of independence, stationarity and identical distribution. An L-moment based discordancy measure is used to detect discordant sites. Since in Pakistan, highly elevated area receive more rainfall. On the basis of this characteristic, the study region is divided into three regions which satisfy the L-moment based heterogeneity statistics using Monte Carlo simulations from Kappa distribution. The regional quantile estimates are obtained from GEV, GNO and GLO distributions which are found to be best choices for all three regions based on L-moment ratio diagram, Z-Statistics and average weighted difference values. For robust regional estimates, some accuracy measures are calculated using a simulation study of regional L-moment algorithm. On the basis of relative bias, relative absolute bias and relative RMSE, GNO is found be best robust for regional quantile estimation at lager return periods of 50, 100, 500 and 1000 and GEV at return periods of 1, 2, 5, 10 and 20 for all three regions.
Introduction
Hydrologists are always short of information for making decisions about water resources structures like spillways, dikes, storm surge barriers and dams etc. The physical laws are inadequate to handle the inappropriate short data and significant changes in random process. The hydrometrological variables like extreme rainfall are difficult to describe because of random changes in weather and sampling error generated by limited data as being a small sample of unlimited population. In this application the recorded data at different sites of a well defined homogeneous region is used to estimate the extreme events expected to occur in 100 or 1000 years to reduce the uncertainties of rare events.
Regional rainfall frequency analysis is of paramount importance in civil structure designs as well as plays an important role in a diverse range of nonstructural problems involving natural hazards associated with extreme rainfall events, because the analyses provide the information about occurrence of rainfall amounts within a specified recurrence interval.
A lot of literature is available on the regional frequency analysis of extreme rainfall and precipitation. Early examples are Bilham (1936) for regional analysis of extreme rainfall in England and Wales, Ayoade (1976) for regional analysis of daily precipitation in Nigeria. Schaefer (1990) , following the index flood methodology of Dalrymple (1960) , found the extreme value II distribution to be the best distribution for annual precipitation data in Washington State. Cannarozzo et al. (1995) made a regional frequency analysis for Sicilian region using two-component extreme value distribution for annual maximum rainfall of various durations. The regional analysis of rainfall of Canada has been performed by Adamowski et al. (1996) with a conclusion of generalized extreme value (GEV) distribution giving the reliable quantile estimates of rainfall using L-moments. Parida (1999) obtained the reliable quantile estimates for Indian summer monsoon rainfall at high and low return periods using four parameter kappa distribution. Koutsoyiannis and Baloutsos (2000) found the GEV distribution best for annual maximum rainfall in Greece for the prediction at large return periods. To obtain the estimates for various return periods in South Korea, Park et al. (2001) used Wakeby distribution with the method of L-moment estimates on the summer extreme rainfall at 61 stations. Smithers and Schulze (2001) made regional frequency analysis based on Lmoments to estimate the short duration design rainfall in South Africa. Sveinsson et al. (2002) utilized regional frequency analysis of annual maximum precipitation for Northeastern Colorado. In Peninsular Malaysia, Zalina et al. (2002) found the GEV distribution to be best to obtain reliable and accurate maximum rainfall estimates. For rainfall in Korea, Lee and Maeng (2003) found the GEV and GLO distributions to be best for extreme rainfall using L-moment ratio diagram and Kolmogrov Smirnov test. Koutsoyiannis 
L-moments
Historically the L-moments are defined as the linear function of the probability weighted moments (PWMs). PWMs are defined as
The rth L-moment r  is related to the rth PWM (Hosking, 1990 ) through:
Therefore, the first four L-moments are:
The L-moments that are independent of units of measurement, called L-moment ratios (Hosking, 1990) , are defined to the quantities 2 1
. If the mean of a distribution exists, then all of the L-moments exists uniquely defining the distributions i.e., no two distributions have the same L-moments (Hosking and Wallis, 1997).
L-moments have superior abilities to conventional moments in discriminating between different distributions, because the L-moment ratio estimators of location, scale, and shape are nearly unbiased, regardless of the probability distribution from which the observations arise and efficient estimators of the characteristic of hydrologic data and of the parameters of the distribution. (Hosking, 1990 , Stedinger et al., 1993; Hosking and Wallis, 1997, Singh, 1998; Zafirakou-Koulouris et al., 1998). These estimators are linear combinations of the ranked observations and thus are less sensitive to the largest observations in a sample than ordinary product moment estimators. They are particularly good at identifying the distributional properties of highly skewed data, whereas ordinary product moment diagrams are almost useless for this task (Vogel and Fennessey, 1993 ; Hosking and Wallis, 1997; Sankarasubramanian and Srinivasa, 1999; Ulrych et al., 2000) .
In a developing country like Pakistan, because of the problem of sufficient information of recorded events of extreme rainfall, extrapolation is required. To overcome the lack of data and to model uncertainty, a regional frequency analysis has been performed for annual maximum rainfall (AMR) of monsoon region of Pakistan using the index flood method of Dalrymple (1960) using L-moments developed by Hosking (1990) . The primary objective of the study is to develop a regional distribution for estimating extreme rainfall quantiles in the region of Pakistan more or less affected by monsoon. This approach will be new for providing the reliable and consistent design rainfall estimates to help the engineers in decision making concerning the design construction of hydraulic structures like barrages, reservoirs and dams etc. in the region.
Study Area and Data Description
Pakistan is basically a rainfall deficient country, except for the area above 0 32 latitude.
The study area lies within the active monsoon belt; monsoon belt is situated over the eastern and northeastern part of Pakistan including Kashmir. The 23 sites of study area are shown in Figure 1 . The climatic conditions of the area are tropical in summer and temperate in winter. During spring and autumn, it is under transitional climatic zone. Spring season is pre-monsoon season during which the zone comes under unstable atmospheric conditions. On account of effect, the temperature of ground starts to increase while the temperature within low tropo spheric region is still under the impact of winter season. This situation is potentially unstable and causes large square dust and thunderstorm which occasionally showers. In contrast, the post monsoon season is dry since the monsoon has ended while the westernly waves have not yet started to affect the region.
Figure 1: Sites of rainfall in Monsoon region
The rainfall is concentrated during three months of summer (July, August, and September) which is due to monsoon winds. Winter rainfall is due to western depression and is much smaller in amount. The northern mountainous region receives more rainfall. It is 1000mm or more yearly. The rainfall decreases sharply toward southern part of upper Indus plain. It is less than 100mm in south western areas. Annual average rainfall of the country is around 300mm out of which about 140mm rainfall occurs during the three monsoon months.
In this study, regional frequency analysis has been conducted on annual maximum rainfall measured at selected 23 gauged stations located in a region more or less affected by Monsoon (Figure 1 ). The daily rainfall amounts measured by rain gauges were provided by the Regional Meteorological Center (RMC) Lahore, which are measured in millimeters, from which annual maximum rainfall (AMR) series have been constructed for the proposed study. The record length of AMR series vary from 24 to 60 years.
Assumptions of regional frequency analysis
It is a usual practice to test the assumptions that the observations at various sites are stationary, independent and identically distributed. The different plots and tests have been applied on AMR series discussed below.
Time series plots
The time series plots of AMR depths measured in mm have been made out at the first stage of the study. Some sites like Balakot, Sialkot, Islamabad AP, Lahore and Kotli have greater variation in AMR events because of abrupt changes in climatic conditions. Islamabad SRRC has large variation because of extreme precipitation event of 591.90 mm in 10 hours which was the result of interaction of monsoon and western disturbance ). Overall some sites showed slight upward and some showed downward trends which were ignored because some slight trends exist for abrupt changes in climate.
Mann-Whitney test
One of the assumptions of regional frequency analysis is that the observations of series should follow the same distribution. For testing the hypothesis of same distribution, Mann-Whitney Rank sum test (1947) has been performed. Each AMR series has been divided into two parts to test the shift in means of two subgroups, i.e. whether the two parts are from the same distribution. All series showed insignificance. So it was concluded that the AMR series for all sites are identically distributed.
Kendall's tau test
A rank based Kendall's tau correlation method (Hirsch et al. 1993 ) has been applied to check the assumption of correlation of AMR series with time, which is also a trend test. AMR series for all sites did not reject the hypothesis that AMR do not change as a function of time. Being the trend test, there are insignificant trends in AMR series for all sites.
Ljung-Box Q-Statistics
To check the serial correlation of AMR series for all sites, an autocorrelation based Ljung-Box Q -Statistics developed by Ljung-Box (1978) has been applied. The hypothesis to be tested is that all autocorrelations, k  , up to certain lag are all equal to zero, with lag not be more than 4 / i n (Box et. al. 1994 ) where i n is the record length of ith site. All sites showed insignificant autocorrelations except Multan whose results are shown in Table 1 .
At Multan, site 17, the correlation at lag 2 is highly significant. (2004), we could not find any significant correlations for internal annual-daily extreme events if correlations exist then it is just because of nonuniform climatic conditions. Moreover, Potter (1979) described that the annual or monthly series are usually stationary, although when the series are not homogeneous this might involve many temporal effects.
Regional frequency analysis based on L-moments
The regional analysis methodology used for AMR is an index flood regional frequency analysis of Darlymple (1960) based on L-moments outlined by Hosking and Wallis (1997) . The underlying concept supposes that data are available at N sites, with site i having sample size i n and observed data , 1, 2, ,
quantile function of the frequency distribution at site i . The key assumption of the index flood procedure is that the sites are from a homogeneous region, i.e., the frequency distributions of the N sites are identical apart from a site-specific scaling factor called flood index. So it can be written ( ) ( ), 1, 2, ,
Here These steps are performed below.
Screening of data using discordancy measure
Hosking and Wallis (1993)'s discordancy measure for site i is defined as follows:
, , Table 3 at page 47 of Hosking and Wallis (1997).
Treating the entire set of 23 sites as a single region, to screen the discordant site, the discordancy measure, i D has been calculated for each site in the The scatter plots for Figure 2 . In Figure 2 , suggests the site 20 to be discordant with the pattern of L-moment ratios ( Because of no clear reason to discard site 20, Khanpur, it has been decided to retain to see its effect on homogeneity of study area.
Regional heterogeneity and formation of homogeneous regions
The next step of identification of homogeneous regions is usually the most difficult and requires the greatest amount of subjective judgment. The homogeneity condition means that the sites have same frequency distributions. Hosking and Wallis (1993) presented a heterogeneity measure to estimate the degree of heterogeneity in a group of sites and to assess whether they might reasonably be treated as a homogeneous region. The heterogeneity measure compares the observed and simulated dispersion of L-moments for N sites under consideration. For this purpose Monte Carlo simulation is made using four parameter Kappa distribution defined by
 is a location parameter,  is a scale parameter, and k and h are shape parameters. The range of x is:
The reason to use Kappa distribution is that it is a generalized distribution which produces many distributions as special cases based on parameter values. ,   plane.
The four parameter Kappa distribution is fitted to regional average L-moments ratios 1, 3 4 , and H is heterogeneity measure based on observed average of ( 3 4 / t t ) distance, 3 V . For the present study, treating the entire set of 23 sites as a single region, Hosking and Wallis's heterogeneity statistics have been calculated including and excluding discordant site in Table 3 . 
Formation of homogeneous regions
The study area has the characteristic that as highly elevated sites have high mean annual precipitation and as we move from north to south with low elevated sites (Indus Plain sites), the mean annual precipitation decreases. The scatter plot of elevation (ft) and mean annual precipitation is shown in Figure 4 , numbers showing points (elevation, mean annual precipitation) of corresponding sites. It is clear from the Figure 4 that mean annual precipitation increases as elevation increases. The proposed region would be subdivided into homogeneous subregions using elevation and mean annual precipitation characteristics. There are many sites in Figure 4 close to each other. The heterogeneity measures were calculated for various subgroups observed from Figure 4 . In Table 4 , the three regions, region 1 having eleven sites, region 2 and 3 each having five sites, have satisfied the heterogeneity measures. Site 2, Saidu Sharif, and site 20, Khanpur (discordant site) did not produce any group of sites to be homogeneous and have been removed for further analysis which might be studied with other sites not considered in this study.
Moreover, the values of discordancy measure for each site in three regions do not exceed the critical values given in Table 3 .1, Hosking and Wallis (1997). The three homogeneous regions with their regional weighted L-moments have been shown in Table  4 .
Selection of the best-fit regional distribution
Many distributions can be used for quantile estimation for regional data. The threeparameter distributions, generalized logistic (GLO), generalized extreme value (GEV), generalized normal (GNO), generalized Pareto (GPA), and Pearson type III (PE3) have been considered in this regional analysis. According to Hosking and Wallis (1997), twoparameter distributions might cause bias in tail quantile estimates if the shape of the tail of the true frequency distribution is not well approximated by the fitted distribution. The best fit distribution is one that gives robust estimates for regional growth curve as well as for at-site quantiles.
L-moment ratio diagram and Z statistic  have been used as the best fit criteria to identify the underlying regional distribution for homogeneous regions. L-moments ratio diagram are constructed using the unbiased estimators of L-moments introduced by Hosking (1990) 
Figure 5: L-moment ratio diagram with regional L-moment ratio
The regional average L-moment ratios 3 4 ( , )
R R t t are plotted on the theoretical L-moment
ratios curves of candidate distribution in Figure 5 for all three regions. The point 3 4 ( , ) R R t t for region 1 and 2 falls on GEV distribution curve, for region 3 it is somewhere between GEV and GNO distribution curves.
DIST
Z statistic  has been calculated for proposed distributions for three homogeneous regions in Table 5 , which shows that GPA and PE3 can be eliminated as unsuitable choices of distributions for three regions. Arranging the value of DIST Z for selected distribution in ascending order, GEV gives better fit for Region 1, 2 and 3 and GLO and GNO are the alternatives choices for all three regions. 
Identification of results with AWD values
According to Kroll and Vogel (2002) , a visual interpretation of L-moment ratio diagram is somewhat subjective. They defined a measure based on difference between sample and theoretical L-moment ratios average weighted distance (AWD) for three parameter distributions given by Table 6 . GEV distribution has lowest AWD value among the other chosen distributions, GNO can be ranked as second alternative chosen distribution and GLO as third alternative for all three regions. GPA and PE3 have large AWD values and according to DIST Z -Statistics, GPA and PE3 are not best choices for all three regions. 
Estimation of regional growth curves
Regional L-moments algorithm outlined by Hosking and Wallis (1997) has been applied to estimate the regional frequency distributions. This procedure is to fit the distribution by equating its L-moment ratios 1 3 4 , , and     to regional average L-moments ratios 1 3 4 , , , 
The regional quantiles estimatesˆ( ) q F , for various nonexceedance probabilities, have been shown in Table 8 . Regional growth curves for three regions have been plotted in Figure 6 . These can be interpreted as, for example, for region 1,ˆ(0.99) GEV q =2.7852 is the amount of rainfall which will occur once in 100 years and is 2.785 times larger than the average for all sites in region 1. The regional growth curves for all three regions are approximately same upto return period of 100. As return period exceeds 100, the GEV curve is between GNO and GLO curves. To select the robust regional quantiles estimates, there is always a need of some assessment analysis. 
Decision about best robust regional growth curves
The regional quantile estimates obtained by regional frequency analysis are uncertain and reliable. When more than one regional distribution is selected for quantile estimation then that distribution should be selected giving robust estimates. For this purpose an assessment analysis is made based on Monte Carlo simulation to estimate the accuracy of quantile estimates. An algorithm for simulation of the regional L-moment algorithm has been provided by Hosking and Wallis (1997) in section 6.4. According to this algorithm, Monte Carlo simulations are made from such a region which has similar characteristics as of actual region i.e., having the same number of sites, same record length at each site and regional average L-moment ratios as original data. The region used for simulation should also take into account the possible heterogeneity in the region and inter-site dependence if exists (Hosking and Wallis, 1997 
. This quantity can be averaged over all M repititions to obtain the BIAS and relative RMSE defined by
The regional average relative bias, absolute relative bias and relative RMSE of the estimated quantiles are
Other useful quantities, for assessment analysis, are the empirical quantiles of the distribution of estimates which can be obtained by calculating the ratio of estimated to true values, ( ) / ( ) 
These error bounds have been considered as 90% statistical confidence interval giving the amount of variation between true and estimated quantities. These limits give a reasonable estimate of magnitude of errors expected in regional growth curves and estimated quantiles.
To quantify the accuracy of estimated regional growth curves for all three regions using above measures, we define three separate regions for use in simulation procedure. As GEV, GNO and GLO are suitable choices for region 1, so we perform simulations for region 1 based on all three distributions. For region 1, correlations between sites varies from -0.17 to 1.00 with an average of 0.19. So algorithm for simulation procedure of Table 6 .1 of Hosking and Wallis (1997) has been used. The region used in simulation procedure has 11 sites with record lengths as for sites in region 1 having GEV distribution with L-C v ranging from 0.2073 to 0.3374 for possible heterogeneity and L-C s = 0.2368 and L -C k =0.1870. Region1 has been simulated M=10,000 times and regional L-moment algorithm has been used to fit GEV distribution to the data generated for the estimation of quantiles and regional estimates.
The relative bias, relative absolute bias and relative RMSE for regional growth curves have been calculated for various nonexceedance probabilities in Table 7 . Similarly simulations were made for region 1 having GNO and GLO distributions and accuracy measures were calculated. L-moment algorithm has also been applied to region 2 and 3 with average correlation between sites 0.31 and 0.30 respectively, having same number of sites, record lengths and L-moments ratios as of actual region 2 and 3. Number of repititions is set to M=10,000 and number of simulations is set to 500. Accuracy measures are shown in Table 8a , 8b and 8c. In Table 8a , simulation results for region 1, at return periods 1, 2, 5, 10 and 20 absolute bias for GNO is relatively high but low at large return periods of 100, 500 and 1000. Relative bias and relative absolute bias are not useful quantities in practice. Simulation results for GNO are producing low relative RMSE for large return periods of 100, 500 and 1000. At low return periods of 1, 2, 5, 10 and 20 GNO has relatively high RMSE than GEV and GLO distributions. Moreover, error bounds (LEB, UEB) for GNO regional quantiles are narrower than the error bounds for GEV and GLO at large return periods. Consequently, it may be concluded that GNO is best for region 1 for quantile estimation for large return periods and GEV for return periods of 1, 2, 5, 10 and 20 based on accuracy measures.
Simulation results for region 2 in Table 8b show that for return periods 50, 100, 500 and 1000, GNO is best and for return periods of 1, 2, 5, 10 and 20, GEV is best for quantile estimation on the basis of relatively low values of absolute bias, RMSE and narrower error bounds of regional quantiles estimated in Table 7 .
In Table 8c , the absolute bias, RMSE and narrower error bounds exist for GNO distribution at return periods of 50, 100, 500 and 1000. At return periods of 2, 5, 10 and 20, accuracy measures are approximately same for GEV distribution. So GNO distribution is best choice for quantile estimation in region 3. In Figure 6 , GEV and GNO are close at higher nonexceedance probabilities. But for large return periods GNO is best for quantile estimation for all three regions. 
Summary and Conclusions
There is an extreme variation in climate of Pakistan based on topography. The major part of Pakistan experiences dry climate. Humid conditions prevail over a small area in north. In Pakistan rainfall is caused by Monsoon and Western Depression. Monsoon takes place from July to September and Western Depression from December to March. The normal rainfall of the country is around 300mm of which 140mm rainfall occurs during Monsoon. Regional frequency analysis was performed on a region of Pakistan having 23 sites which are more or less affected by Monsoon.
Initially, the assumptions of regional frequency analysis were tested by time series plots, Mann-Whitney test, Kendall's tau test and Ljung-Box-Q-Statistics. All sites were satisfied by these tests. Site 17, Multan showed autocorrelations because of some drought years. Nonuniformity of climatic conditions did not allow removing this site from analysis.
Site 20, Khanpur was appeared to be discordant. Because of having no gross errors for this site, it was considered in testing heterogeneity of the region. A region of 23 sites did not satisfy Hosking and Wallis's heterogeneity statistics. Since in Pakistan, sites having high elevation receive more rainfall while the sites on plain areas receive less rainfall. The three regions were formed on the basis of mean annual precipitation and elevation which are acceptably homogeneous. Region 1 were having 11 sites, region 2 and 3 each having 5 sites. Site 2 and 20 were discarded as being producing the high values of heterogeneity statistics. The further analysis was performed on three homogeneous regions.
The L-moment ratio diagram, Z-statistic and AWD values produced GEV, GNO and GLO to best for all three regions for quantile estimation. The growth curves for selected distributions were shown in Figure 6 . At lower tails, GEV, GNO and GLO are approximately same but for large return periods there is difference between regional quantiles. The best choice is one which gives robust quantile estimates for region.
A regional L-moment algorithm of Hosking and Wallis (1997) was performed using Monte Carlo simulation. 10,000 runs of Monte Carlo simulations were performed to calculate the some accuracy measure like, relative bias, relative absolute bias, relative RMSE and error bounds for regional quantiles. On the basis of these measures, for all three regions, GNO was found to be best robust for quantile estimation at large return perionds of 50, 100, 500 and 1000 and GEV was found to be best robust for quantile estimation at return periods of 1, 2, 5, 10, and 20.
Since the actual purpose of frequency analysis of extreme events is the estimation of quantiles at large return periods, that is, quantiles in upper tail of distributions. It is concluded that GNO distribution is best choice for extreme rainfall events in long run.
Hussain and Pasha (2009) also concluded GNO distribution to be best for estimation of annual peak flows in Pakistan which justified the results for annual maximum rainfall. Adamowski et al. (1996) , Lee and Maeng (2003) , Koutsoyiannis and Baloutos (2000) found in their studies GEV distribution best for quantile estimation of extreme rainfall.
In Pakistan, runoff occurs essentially on the account of rainfall and the major problem is to store this water for the purposes of electricity and irrigation. The at-site quantiles estimates or design rainfall estimates are very important for engineers who are concerned with the design of hydraulic structures like dam, reservoir, storm sewers etc. In Agromet sector, the effect of extreme rainfall events is of paramount importance especially for crop insurance. So the estimated extreme events are also important for this purpose.
